Surface-enhanced Raman scattering (SERS) was discovered in 1974 and impacted Raman spectroscopy and surface science. Although SERS has not been developed to be an applicable detection tool so far, nanotechnology has promoted its development in recent decades. The traditional SERS substrates, such as silver electrode, metal island film, and silver colloid, cannot be applied because of their enhancement factor or stability, but newly developed substrates, such as electrochemical deposition surface, Ag porous film, and surface-confined colloids, have better sensitivity and stability. Surface enhanced Raman scattering is applied in other fields such as detection of chemical pollutant, biomolecules, DNA, bacteria, and so forth. In this paper, the development of nanofabrication and application of surface-enhanced Ramans scattering substrate are discussed.
Introduction
Surface enhanced Raman Scattering was discovered by Fleischmann et al. in 1974 as a phenomenon where the intensity of Raman spectrum from pyridine adsorbed on a silver electrode is extrodinarily enhanced [1, 2] . Then this effect was verified in many kinds of metals such as Ag, Au, Cu, Li, Na, K, and so forth [2, 3] , while high enhancement is just found in Ag, Au, and Cu. But the phenomenon was not correctly recognized at that time, then Jeanmaire and Van Duyne reported in 1977 that the enhancement of intensity of Raman spectrum from pyridine on silver electrode is attributed to the enhancement of the scattering cross-section of pyridine [4] . Then the phenomenon was accepted as surface enhanced Raman scattering (SERS).
Cross-sections of Raman scattering are typically 14 orders of magnitude smaller than those of fluorescene. So the weak intensity of Raman spectrum, the limits from the intensity of excitation sources, and the sensitivity of detector hindered the application of Raman spectrum for many years. The discovery of surface enhanced Raman scattering made Raman scattering more applicable in a wide range of research fields, while the interest and attention focused on the mechanism of SERS promotes the development of the theory on enhanced optical scattering from metal surface [5] [6] [7] .
But SERS has not been developed to be a powerful detection technique so far, which is attributed to three main reasons [8] [9] [10] [11] . First, the phenomenon-surface enhanced Raman scattering is obvious in only silver, gold, and copper, so the research and application of SERS ares limited. Second, there are limited kinds of processes that can achieve SERS substrate with high sensitivity successfully, and the practical SERS active substrate has not been realized. Third, the mechanism of surface enhanced Raman scattering is not totally clear.
Among so many theories about SERS that are proposed to explain the experimental characteristics of surface enhanced Raman scattering, it is widely accepted that the SERS effect mainly contributed to electromagnetic (EM) enhancement and chemical (CM) enhancement [12] [13] [14] [15] [16] [17] [18] [19] . The electromagnetic (EM) enhancement is caused by local surface plasmon resonannce (LSPR) and depends on the material, shape, and size of the nanoscale substrate. There is a resonant frequency corresponding to a specific substrate, and the local surface plasmon resonance (LSPR) of substrate is driven into collective oscillator and generates the largest electromagnetic field when the light is incident 2 International Journal of Spectroscopy with the resonant frequency. Electromagnetic enhancement relies on the location of molecules confined within the electromagnetic field and contributes an enhancement of more than 10 5 . While, the chemical enhancement is caused by a resonance Raman-like process associated with charge transfer between the analyte molecule and the metal surface and always contributes an enhancement factor of 100. The charge transfer state increase the possibility of Raman transition by providing a pathway for resonant excitation. So chemical enhancement is dependent on site and analyte and happens just when the molecule is adsorbed directly on the metal roughened surface. Surface enhanced Raman scattering is generated from the combination of electromagnetic enhancement and chemical enhancement. However, SERS involves the complicated interactions and coupling between molecule and metal surface. So the theoretical work about SERS still attracts so much attention from scholars in different fields.
The research about surface enhanced Raman scattering revived in 1977, with the reported progress that Kneipp, Nie, and their coworkers brought SERS into the level of single molecule detection [20] [21] [22] [23] . It is found that most SERS active substrate is nonuniform [24] [25] [26] [27] [28] . For instance, it is realized in silver colloid that nanoparticle with different sizes generates Raman signal with different enhancement factors [20] . From theoretical perspective, the highly active spots in SERS substrate are called "hotspots". The estimated SERS enhancement at hotspots reaches up to 14 orders, much higher than the enhancement factor achieved before; the result pushed research on SERS into a new era.
The Nanofabrication of SERS Substrate
The SERS substrate is the most important factor that affects the enhancement in SERS experiment, so the fabrication of SERS substrate always attracts most attention. Surface enhanced Raman scattering depends on the excitation of local surface plasmon resonance (LSPR), so it is critical to control the factors affecting LSPR such as the size, shape, material, interparticle spacing, and dielectric environment of substrate to improve its sensitivity and reproducibility [29] . By the efforts from many researchers, various kinds of SERS substrates are invented. [1] is the first found SERS electrode with reproducible enhancement factor of 10 6 , and it is widely applied in research on catalytic reactions and other electrochemically active systems [30] . Because of its low enhancement factor among the main kinds of SERS substrates, oxidation-reduction cycle electrode was not thought to be a very promising SERS substrate. But recently new process make roughen electrode more attractive. Duan et al. reported a simple, effective, and inexpensive method to fabricate an ordered Au particle array with hierarchical surface roughness on an indium tin oxide substrate based on an ordered alumina through-pore template [31] . The alumina template is produced by solution dipping on colloidal monolayer through an electrochemical deposition strategy. The array consists of periodically arranged and isolated Au microparticles, which show nanoscaled surface roughness. Essentially, this hierarchically rough particle array exhibits strong surface enhanced Raman scattering effect using Rhodamine 6G (R6G) as probe molecules, associated with its surface geometry. Aqueous solution of 10 −6 M R6G can be detected by such substrate. Huang et al. fabricated a kind of SERS substrate named Ag-capped Au nanopillar arrays by electrochemical deposition strategy [32] . Arrays of Au nanopillars with tube-like structures in the root parts were electrodeposited into the nanochannels of a porous AAO templates. After the AAO template is removed, the Ag is sputtered to adjust the space of Au nanopillar's tip. The Au nanopillar sputtered by Ag is proved to have capability of detecting 10 −6 M R6G.
The Electrochemical Fabrication Method. Oxidationreduction cycle electrode

The Fabrication Method by Electron Beam Deposition.
The LSPR wavelength of metal island field can be tuned by changing the film's thickness and confluence, but the enhancement factor of metal island film is lower than other SERS substrate. Glancing angle deposition (GLAD) [33, 34] is a promising method to improve the morphology and SERS property of metal film. Zhou et al. fabricated aligned, single crystalline Ag nanorods on planar Si subatrates by GLAD technique, with sample substrate cooled by liquid nitrogen in e-beam deposition system [35] . It is successful to detect aqueous solution of 1 × 10 −12 mol·L −1 Rhodamine 6G by the porous Ag film with nanorods, the morphology and SERS performance of Ag film with aligned nanorods is shown in Figure 1 . Then it is found that bends between two Ag arms with different orientations has better SERS sensitivity as hotspots, so the Ag film with nanorods of zigzag structure is an ideal way to obtain better performance [36] .
Zhou et al. deposited Ag, Al, Si, and Ti thin films with thickness d = 25 nm, 100 nm, and 400 nm, respectively, to achieve layers with different reflectivity. Then Ag nanorods was deposited on the thin film layer. The SERS intensity of the Ag nanorods grown on Ag thin film are higher than others, and the SERS intensity of the Ag nanorods on Al film is larger than that on Ti film, and the Ag nanorods on Si film show the smallest SERS intensity. It is inferred that the larger the underlayer reflectivity, the larger the SERS performance of substrate. So the predeposition of Ag layer under Ag nanorods can be an effective way to promote the SERS performance of Ag nanorods [37] .
It is realized that most SERS-active substrates are nonuniform before, and it is of specific interest to research hotspots where some spots and sites exhibit extrodinary SERS sensitivity and improve SERS substrate from randomly rough surface to highly ordered nanostructures [38] . Zhang et al. made Ag nanorods in film grow into periodic patterns at a micro-nano scale, and it is shown that the Ag nanorods film with periodic patterns exhibits better SERS performance than Ag film with nanorods arranged randomly as before [39] . The Ag film with periodic patterns is fabricated by the help of electron beam lithography. Hexagonal lattices (200 µm × 200 µm) of silicon patterns (∼1 µm in diameter) were fabricated on the substrates by electron beam lithography, where the separation distance of the patterns was controlled to be 0 (closely-packed), 50 nm, 100 nm, 200 nm, 300 nm, 400 nm, 500 nm, and 600 nm, respectively. Then Ag film with hexagonal patterns is deposited on silicon substrate with hexagonal patterns in a high vacuum ebeam deposition system, The morphology of Ag film with periodic patterns of different separation is shown in Figure 2 . Characterized by Rhodamine 6G (R6G), the intensity of peak 612 cm −1 and 1508 cm −1 in Raman spectrum of R6G from Ag film with periodic patterns is shown in Figure 3 .
In comparison with signals from the planar area, it is noticed that when the patterns are closely packed (0 nm), or separated at ∼200 nm, the signals are further enhanced by ∼20%. When the diameter of periodic pattern in Ag film is 400 nm (as shown in Figure 4 ), different regulation of SERS performance is shown in Figure 5 . In comparison with the unpatterned area, we notice that when the patterns are separated at ∼200 nm, the signals are further enhanced by ∼5 times compared with the unpatterned substrates. And the dependence behavior of the two peaks on the separation distance for pattern diameter of both 1 µm and 400 nm is proved to be reproducible. So the SERS performance of Ag film with patterns' seperation of 200 nm is the best both among the Ag film with other separation, when the diameter of patterns is 1 µm or 400 nm. So it is demonstrated that the diameter and separation of patterns in Ag film both have effects on the SERS performance of Ag film, and the phenomenon suggests possibly a coupling effect at nanomicro scales on the localized electrical field. Furthermore, Chu et al. fabricated a gold disk array on a continuous gold film with silica spacer and demonstrated strong coupling between LSPs and surface plasmon polaritons (SPPs) [40] . It is predicted by simulations that the enhancement factor of each disk in array above a gold film is twice as large as that of a single disk above a gold film.
Other Fabrication Method.
Colloidal nanoparticle substrate is easy to synthesize without sophisticated instrumentation and realizes single molecule detection initiatively. But colloidal nanoparticle substrate is unstable, so inmobilized colloidal nanoparticle is developed. Tong et al. synthesized self-assembly colloidal gold nanoparticles, and investigated the electromagnetic enhancement coupling effect appearing within the self-assembly nanoparticles [41] . Electron beam lithography substrates have been used to investigate the magnitude of the enhancement factor while the interparticle separation is varied, enhancement factors as large as 10 8 have been achieved [42] . A soft technique known as nanosphere lithography has been used to fabricate SERS substrates to research atomic clusters, biomolecules, and redox couples in ultrahigh vacuum (UHV), electrochemically controlled, and ambient environments [43] [44] [45] . Van Duyne et al. used nanosphere lithography to fabricate surface confined Ag nanoparticles. Nanosphere lithography is an excellent approach to fabrication nanoparticle arrays with shape, size, and interparticle spacing precisely controlled. Meanwhile, metal film over nanosphere surfaces provides extremely SERS sensitivity for applications, and it is found that nanosphere lithography derived nanoparticles exhibit strong UV-visible extinction bands that are different from those of bulk metal. The LSPR spectra of nanosphere lithography derived nanoparticles can easily be tuned from the near-UV to the mid-IR by changing the size or shape of the nanoparticles [46] . Researchers continue to develop new SERS substrates to improve the sensitivity and reproducibility of its performance.
The Application of SERS Substrate
SERS has enormous potential for the detection of chemical and biological agents. The well resolved bands from Raman scattering allow the identification of composites, and low strength of signal from water is beneficial for the detection of biological agents [38] . It is a tendency that SERS substrate is made into sensor to facilitate the detection course. Van Duyne et al. has successfully made SERS substrate into a implantable glucose sensor, and the SERS substrate-silver surface is modified with a hydrophilic partition layer to realize the preconcentration of glucose within the range of electromagnetic field. Glucose was detected and quantified with the accuracy approaching the requirements for a biomedical device. And SERS has also International Journal of Spectroscopy been applied in military [47] . Silver nanowires were used to detect chemical warfare agents at a sensitivity of trace level [48] .
Because of the excellent dielectric properties, polychlorinated biphenyls (PCBs) were used widely in transformers, heat transfer, capacitors, and so forth and had caused severe environmental pollution around the world [49] . It was found recently that PCBs are harmful to human body when the density exceeds the critical dose and PCBs can be accumulated through food chain from trace amount. While the most popular detection technique for PCBs is the combination of high-resolution gas chromatography and mass spectrometry, the method requires sophisticated devices, standard samples, complicated pretreatments of samples, proper experimental environment, and so forth. So new method that can detect PCBs at trace amount rapidly 6 International Journal of Spectroscopy is necessary, and surface enhanced Raman scattering has potential to realize the goal.
Zhou et al. detected and distinguished the isomers of monochlorobiphenyls, tetrachlorobiphenyls, and 2,3,3 ,4,4pentachlorinated biphenyls successfully [50] [51] [52] [53] . To facilitate the distinguishing of polychlorobiphenyls, Zhou et al. simulated the vibration mode of polychlorobiphenyls by density functional theory, and the results are beneficial for distinguishing the agents after achieving the Raman spectrum.
Sometimes, the detection is carried out indirectly in biomolecules. For example, Cao et al. used ssDNA with a gold nanoparticle and SERS label to detect specific DNA molecule. If the probe is exposed to the target DNA, the hybridization of DNA occurred with SERS detection of the Raman label. The method detects the target DNA not by detection of DNA directly but by detection of Raman label's signal indirectly [54] .
Conclusion
Recently, the development of fabrication and application of substrates for surface enhanced Raman scattering is driven by nanotechnology. More and more SERS substrates with high sensitivity and reproducibility are invented by electrochemical deposition, physical vapor deposition of metal film, metal nanoparticle colloids, and so forth and applied into various fields, such as detection of pollutants at trace level, surface analysis, biomolecule, bacteria detection, and so forth. With the development of SERS substrate, Raman spectrometer, and tip enhanced Raman scattering (as the combination of surface enhanced Raman scattering and atomic force microscopy), surface enhanced Raman scattering will be more and more applicable as a detection tool.
